Homeostasis and the complex functions of organisms and cells rely on the sophisticated spatial and temporal regulation of signaling in different intra-and extracellular compartments and via different mediators. We here present a set of fast and easy to use protocols for the targetspecific immunomagnetic enrichment of receptor containing endosomes (receptosomes), plasma membranes, lysosomes and exosomes. Isolation of subcellular organelles and exosomes is prerequisite for and will advance their detailed subsequent biochemical and functional analysis.
Internalization and intracellular trafficking of surface receptors was formerly understood to mainly lower the cell surface density of receptors and to destine them for lysosomal degradation. This would lead to cessation of signal transduction triggered by these receptors.
However, it became more and more clear that receptor endocytosis and intracellular compartmentalization can also be instrumental for the spatial and temporal regulation and diversification of various receptor-mediated signaling pathways. [2] [3] [4] The regulatory potential of receptor internalization was described for a number of other receptors that is, EGF-R, FGF-R1, Tf-R, IL5-R, AMPA-R, Frizzled, Fcγ-RI, CXCR4 and Met. [5] [6] [7] [8] [9] [10] Upon activation by ligand binding, the receptors can be internalized and be localized in different intracellular compartments. Dysregulation of intracellular transport has been reported to lead to tumor development. 6, [11] [12] [13] To fully understand the molecular events happening downstream of ligand binding and thus, receptor activation it is of utmost interest to track these receptors from the plasma membrane, internalization and intracellular trafficking, sorting and maturation.
Previous work of our own group showed that the signaling quality of plasma membrane resident and of the internalized death receptors TNF-R1, CD95 and in part also TRAIL-receptors are diametrically opposed: surface bound receptors promote pro-inflammatory and proliferative signaling pathways by activating NF-κB. On the other hand, internalized receptors acquire the capacity to recruit the "death inducing signalling complex" (DISC) which results in triggering of proapoptotic signals (for review, see References 14, 15) . Identification of the underlying molecular mechanisms has been facilitated by the protocol we present here. The method allows the selective purification of biological materials from cellular lysates, in particular morphologically and functionally intact endosomes containing activated receptors and receptor-associated proteins, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] as well as phagosomes from bacteria-infected cells described elsewhere. 26, 27 Here, we provide a detailed protocol for the isolation of TNF-and CD95-receptosomes ( Figure 1 ). 16, [18] [19] [20] [21] [22] [23] 25, 28, 29 This basic protocol allows to simultaneously isolate plasma membranes (PM) from the same pool of cells, allowing to discriminate signaling emanating from PM-resident vs endosome-resident receptors.
We provide information to easily adapt the protocol to affinity purify other organelles like lysosomes (Supporting Information, Figure S1 ) and also exosomes ( Figure S2 ) from both, human plasma and cell culture supernatant (unpublished). A detailed protocol for the isolation of phagolysosomes loaded with magnetically labeled bacteria has also been described. 26, 27 FIGURE 1 Workflow for TNF-receptosome sample preparation. Cells are sedimented and cooled on ice, prior to labelling with biotinylated TNF/Streptavidin coated magnetic microbeads. Synchronous internalization is triggered by a 37 C temperature shift. Cells are carefully homogenized and nuclei/cell debris is removed by low speed centrifugation. PM is depleted from the PNS using Concanavalin A-coated beads and low speed centrifugation. The remaining PNS is layered on top of a 16% OptiPrep cushion followed by ultracentrifugation to enrich endosomal organelles and deplete mitochondria. Subsequently, the soluble protein fraction is aspirated the floating fraction collected and applied to magnetic separation
| Advantages of the protocol
A major challenge of all protocols for the purification of organelles is their highly dynamic nature. Once a receptor is marked for internalization by its ubiquitination, it is endocytosed and early endosomes are formed. These maturate into late endosomes and are sorted via the multivesicular body system to be either recycled to the plasma membrane, maturation and acidification toward the lysosomal compartment or release to the extracellular milieu as exosomes. 1, 30 Centrifugation-based techniques for the isolation of organelles cannot distinguish distinct subpopulations as many organelles share similar buoyancy and thus, a certain isolated fraction will always present a mixture of various organelles. Alternative methods to enrich subcellular organelles often rely on differential centrifugation using density gradients. Cell homogenate is applied to different density media (ie, OptiPrep, Ficoll, NycoPrep or Nycodenz) and centrifuged until the organelles sediment/float until they reach their isopycnic point. Centrifugation techniques usually suffer from the inability to purify a distinct subpopulation of an organelle. Only organelles with similar physical properties (density/buoyancy) can be obtained, while these methods do not allow the separation of membrane compartments that share similar densities but exhibit diverse functional properties such as different stages of vesicular maturation and physiological functions.
Selective purification can only be achieved by targeted labelling like magnetic labelling of ligands or use of specific antibodies in combination with magnetic nanoparticles. Recently, two reports described an elegant affinity purification method for lysosomes and mitochondria, which is based on the expression of HA-tagged proteins on these organelles in combination with anti-HA antibody-coated magnetic beads. 31, 32 Other magnetic isolation strategies using nanoparticles have been designed but lack the specificity of ligand or antibody mediated targeting. 33 In our approach, the first step is the homogenization of the cells, followed by density centrifugation using one (or more) density barriers. This step concentrates the vesicular fraction and several preparations can be performed in parallel (limited only by the buckets/volume of the ultracentrifuge). The next step is immunomagnetic affinity purification of a distinct organelle from this fraction. The maturation stage (ie, minutes post internalization) of the organelle (ie, receptosomes) can be timed by synchronized internalization applying careful and rapid warming and cooling of the biological material.
As basis for our protocol, we designed a matrix-free, highgradient magnetic isolation device (patent: S. Schütze DE 101 44 291). The strong magnetic field (up to 3 T) allows usage of small magnetic particles that can be enclosed into endosomes while endocytosis of surface receptors. The matrix-free separation column prevents clogging and facilitates efficient washing of the enriched material. Initially, we performed the isolation of organelles from few cells in a maximum homogenization volume of 730 μL without ultracentrifugation. Mitochondria appeared as the main source for contamination. 28 The introduction of the ultracentrifugation step on 16%
OptiPrep had the following advantages: (a) it allowed preconcentration of light organelles on the density barrier, simultaneously reducing contamination with soluble proteins, which are above the floating fraction; (b) removal of mitochondrial contamination, as their density is higher and thus they sediment. 28 The floating vesicle fraction also comprised the endosomes (receptosomes) containing receptors coupled to the magnetic nanoparticles. Thus, application of this fraction to a high-gradient magnetic field generated in a matrix-free separation chamber enabled their purification and subsequent characterization.
| Development of the protocol
Application of this method allowed us to identify a variety of novel components and mechanistic steps of the TNF-R1 and CD95 signaling cascades. We revealed that TNF-R1 establishes different TNF signaling pathways by compartmentalization of plasma membrane-derived endocytic vesicles harboring the TNF-R1-associated DISC. 22 This approach led to the discovery of a novel adenoviral immune escape mechanism, 21 the characterization of CARP-2, an endosome-associated ubiquitin E3-ligase for RIP which is involved in the regulation of anti-apoptotic NF-κB signaling, 18, 20 the identification of the enzyme riboflavin kinase (RFK) as a novel TNF-R1 death-domain adaptor protein, coupling the receptor to NADPH oxidase, 19 and the coupling of TNF-R1 via the polycomb group protein EED to neutral sphingomyelinase. 29 The importance of endocytosis has initially been shown by using pharmacological Recently, we identified TNF-induced K63-ubiquitination of TNF-R1, via the E3 ubiquitin ligase RNF8 as an early molecular checkpoint in regulating live/death decisions. 23 In all cases, the blockade of internalization also inhibits apoptosis induction by prohibiting the formation of the "death induced signalling complex" (DISC) and subsequent activation of caspases and the lysosomal enzymes A-SMase and cathepsin D which activate the mitochondrial apoptosis amplification (for review, see Reference 14) .
In addition, we applied the method to isolate CD95-receptosomes to analyze the role of A-SMase in CD95L induced signaling. 16 The biological importance of the compartmentalized signal transduction of these members of the TNF-receptor superfamily has meanwhile been validated in various settings, while especially for TRAIL receptors cell line-dependent differences have been observed.
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The experimental designs for all described protocols here are provided as schematic workflows. The basic protocol for the isolation of receptosomes is schematically depicted in Figure 1 . Figure S1 .
Exosomes seem to be the carriers of multiple information in an organism. Up to date most isolation methods applied time consuming (ultra)centrifugation, resulting in a crude mixture of small vesicles 1 .
We initially compared isolation of exosomes from cell culture (MDA-
MB-231 cells) by ultracentrifugation with immunomagnetic isolation
and then refined the protocol for the enrichment of exosomes from human plasma. The isolation protocol for exosomes is depicted in Figure S2 .
| MATERIALS AND METHODS

| Reagents
All Anti-rabbit light chain-HRP (Millipore, MAB201P).
| Equipment
HOKImag 1× PBS is sterilized by autoclaving and stored at 4 C. Figure S3 shows a schematic operation workflow for the operation of the free-flow magnetic chamber. Figure S4A shows the setup of isolation chamber-associated components:
| Reagent setup
| Equipment setup
HOKImag: For isolation of receptosomes, lysosomes and endosomes the device is stored at 4 C (cold room or fridge). Exosomes can be isolated at RT.
Gilson MINIPULS3: The pump can be run at RT, but in case of receptosomes, lysosomes and endosomes the washing HB reservoir should be cooled on ice, this tubing length should be kept short.
Benchtop centrifuges: cool down to 2 C to 4 C.
Sonifier cooling device: cool down to 4 C.
Douncer store cooled at −20 C; put on ice and rinse with HB 10 minutes prior to use.
Ultracentrifuge tubes: add 600 μL 16% OptiPrep solution; cool down to 4 C.
Cool down ultracentrifuge rotor (ie, SW60Ti).
Cool down ultracentrifuge rotor buckets (ie, for SW60Ti).
Prepare separation columns according to Figure S4B -G. Prepare:
• Heat water bath and 50 mL medium w/o FBS.
• Cool centrifuges to 4 C.
• Chill down PBS (50 mL) on ice (add some crumbs NaCl to lower the freezing point. Temperature should be around −2 C to −3 C).
• 50 mL HB, add one tablet cOmplete protease inhibitor cocktail; chill on ice (add some crumbs NaCl to lower the freezing point.
Temperature should be around −2 C to −3 C).
• 16% OptiPrep solution.
• Prepare ultracentrifuge (settings: 150.000g; 4 C; 60 minutes; acceleration: maximum; deceleration: 9 à~9 minutes to stop); cool swing out buckets for SW60Ti rotor to 4 C.
Receptor internalization (TIMING depends on 
Homogenization (TIMING~25 minutes):
COMMENT: The main source for trouble shooting is the homogenization of cells or tissue. To isolate intact organelles the source material has to be carefully disrupted. The goal is to release as many intact organelles as possible to achieve the highest possible yield. This can either be performed by application of shear force using a French press or glass douncer, sonication, grinding with beads (glass or ceramic). In any case constant cooling of the biological material should be maintained to prevent/stop enzymatic reactions (ie, proteolysis, dephosphorylation). The best and most efficient method to carefully disrupt has to be evaluated for each cell line or tissue individually. Each step should be constantly monitored by microscopy using trypan blue to evaluate the proportion of ruptured material. In our hands, suspension cell lines are most efficiently and gently homogenized using glass douncers, while adherent cell lines and tissue can be efficiently and gently homogenized using mild sonication.
Usually careful homogenization prevents disruption of nuclei, if necessary; some units of Cyanase can be added to PNS to degrade DNA.
The suspension than has to be incubated for at least 1 hour on ice. For TNF-R1, we observed that after a certain internalization time, some receptors may be bound to ligands but are not yet endocytosed.
Thus, to clearly distinguish between surface and endocytic signaling, this step is important. On the other hand, for purification of proteins/-receptors that are only PM resident, PM depletion by ConA-
sepharose cannot be applied.
Surface biotinylation can be an alternative to PM depletion using ConA-sepharose. This is more time consuming and it has to be assured, that only cell surface proteins are biotinylated.
COMMENT: Although our electron micrographs did not show significant obvious impurities, contamination has to be considered when isolating receptors from cells that were kept on ice. Isolation of noninternalized receptors results in the purification of plasma membrane sheets of undefined size. These sheets will reseal and can trap other cell constituents (ie, organelles and cytosolic proteins). Thus, contamination has to be considered when analyzing these samples using WB or MS. One way to deplete soluble protein contaminations might be by adding pore forming substances (ie, streptolysin O) to the magnetized material prior to sucking it into the separation chamber.
Ultracentrifugation (TIMING~90 minutes):
The SW60Ti swing out rotor buckets are used with thin wall, Avoid spilling the containing HB by placing a 1.5 mL tube below.
Depending on the amount of isolated organelles and beads used, brownish stripes can be seen on the inner wall of the separation straw ( Figure S5R ). Place the plunger of a 1 mL syringe into the separation straw and add 800 μL HB/PIC. Use the plunger to release the magnetized material and store in a fresh tube ( Figure S5S -T).
26a) Sediment magnetic material by spinning 30 minutes at maximum g force using a bench top centrifuge. 27a) Aspirate the supernatant carefully and store pellet as "magnetic fraction" cold/frozen ( Figure S5U ).
Depending on the downstream application, the sediment can be fixed for electron microscopy (ie, in 3% glutaraldehyde/PBS), dissolved in sample buffer for BCA measurement and subsequent SDS-PAGE, enzymatic assays or protein/lipid analysis by mass spectrometry.
PAUSE POINT: If needed, all collected fractions can be stored frozen until further processing. Material planned for fixation for electron microscopy should not be frozen but directly fixated.
CRITICAL STEP: For fixation for electron microscopy, the pellet should not be suspended but fixative should be added on top. For later immuno-gold labelling of receptosome proteins, the samples should not be fixated in glutaraldehyde.
CRITICAL STEP: If receptosomes were purified using magnetic beads coated with antibodies or Protein G, compatibility of second step reagents has to be carefully checked for subsequent processing for electron microscopy. 2) The next day, 500 μL HB/PIC is added and sonicated for 10 seconds, amplitude 2.5, constant output, using a cup resonator cooled to 4 C. 
Elution (TIMING 45 minutes):
16b) Carefully cut the lower part of separation column directly below the magnet using a ceramic scissor or scalpel.
CRITICAL STEP: Any cutting device containing iron is attracted by the strong magnetic field. This can cause injury and loss of the material.
17b) Remove the separation straw from the magnetic field and cut upper part with a ceramic scissor/scalpel directly above the magnet. Avoid spilling the containing HB by placing a 1.5 mL tube below.
Place the plunger of a 1 mL syringe into the separation straw and add 800 μL HB/PIC. Use the plunger to release the magnetized material and pool store in a fresh tube.
18b) Sediment magnetically labeled lysosomes by spinning 30 minutes at full speed using a bench top centrifuge.
19b) Aspirate the supernatant carefully and store pellet as "mag-
CRITICAL STEP: For fixation for electron microscopy, the pellet should not be suspended but fixative should be added on top. For later immuno-gold detection of proteins, the samples should not be fixated in glutaraldehyde but a milder fixative.
CRITICAL STEP: As lysosomes were purified using magnetic beads coated with antibodies of Protein G, compatibility of second step reagents has to be carefully evaluated.
COMMENT: For the purification of lysosomes from cultured cells, alternative particles, that is, SPIONs or magnetically labeled bacteria may applied to load lysosomes. 26, 33 COMMENT: Purity of the samples can be further improved by double magnetic separation. This step is especially useful if several preparations have been performed in parallel. These can be pooled and washed once more to increase the yield of highly purified material. For this, carefully suspend the pellets from several preparations again in 730 μL HB and repeat magnetic separation procedure as detailed above.
c) Immunomagnetic isolation of exosomes
The initial protocol has been modified and exosomes were purified either from human plasma or from cell culture supernatant (MDA-MB-231) (unpublished data). CRITICAL STEP: Exosomes are purified using magnetic beads coated with antibodies, thus, check compatibility of second step reagents.
CRITICAL STEP: for fixation the pellet should not be resuspended.
| RESULTS
a) Purification of TNF-receptosomes
Electron micrographs of the distinct steps of TNF-receptosome isolation are shown in Figure 2 . The starting material was intact U937 cells ( Figure 2A ). Representative images of the post nuclear supernatant (PNS) ( Figure 2B ) and the mainly mitochondria containing in the 0 minutes fraction may be due to unspecific enclosure of either cytosolic HisH3 or stems from partially disrupted nuclei. 53 Taken together, the protocol yields TNF-receptosomes isolated after different time points of high purity. Using such isolated organelles for protein identification by mass spectrometry has been performed and underlines these observations (unpublished data).
In one of our recent reports, we described K63-ubiquitination of TNF-R1 as prerequisite for its internalization. To verify quantitative capturing of ConA, its biotin tag was probed directly using streptavidin-HRP. ConA is only present in the membrane fraction. VI. Clathrin, which is recruited to the PM for Ebag9 has been reported to be involved in secretory lysosome biogenesis. 59 Magnetic fractions of similar isolated lysosomes were analyzed by electron microscopy. Figure 5B shows representative electron micrographs.
c) Purification of exosomes from human plasma
As research on extracellular vesicles is currently a topic of high interest, we expanded our protocol to facilitate isolation of exosomes from both, human plasma and cell culture supernatant. For this approach, we used pan-exosome isolation beads coated with CD9, CD62 and CD81 recognizing antibodies. Figure 6A shows WB of exosomes derived from plasma, probed for CD63 and CD9, while Figure 6B shows electron micrographs of corresponding material. In combination with milder fixation, this will allow more specific immune-gold labelling and thus, that is, topology analysis of exosomes, in future. Up to date, most reports relied on negative staining protocols to visualize exosomes. Figure 6C shows the enrichment of the exosome marker proteins CD63, CD9 and CD81 compared to total cell lysate, cell culture supernatant after and before ultracentrifugation and sedimented material derived from ultracentrifugation.
| CLOSING REMARKS
In our hands, the protocol provided here produced material of high purity as analyzed by WB. To our knowledge, there is no other publication, reporting the isolation receptors/internalized receptors as we did here. The main advantage is the binding of smallest magnetic nanoparticle to the ligand and thus, its co-internalization with the This way, only activated/ligand bound receptors are purified. Usage of small magnetic particles requires a high gradient magnetic field. This can be generated in the matrix-free magnetic separation device, we
propose. Alternatively, matrix-filled magnetic columns (Miltenyi) can be used to generate the required magnetic field. We although, observed a higher degree of contamination and clogging of these columns.
In sum, we present a versatile toolkit for the targeted isolation of various sorts of membrane enclosed cellular organelles using selective labelling with tagged ligands and/or antibodies combined with magnetic nanoparticles and a novel free-flow magnetic chamber. We think the provided protocols can be easily established in most laboratories and will drive the investigation on intra-and extracellular signaling organelles in future.
